Aims/hypothesis The role of Toll-like receptor 7 (TLR7), a sensor of viral and self RNA, in promoting autoimmune diabetes remains unclear. Our goal was to determine the effect of TLR7 stimulation on the priming and activation of diabetogenic CD8 + T cells. Methods We explored the effects of CL097 (TLR7/8 agonist) and immunoregulatory sequence 661 (IRS661, TLR7 inhibitor) on bone marrow-derived dendritic cells (BMDCs), diabetogenic CD8 + T cell function and autoimmune diabetes onset in NOD and 8.3 NOD T cell receptor transgenic mice (8.3 NOD mice). Results TLR7 stimulation of NOD BMDCs increased activation and production of proinflammatory cytokines. In vivo administration of CL097 activated T cells and dendritic cells and increased levels of proinflammatory cytokines and type 1/2 IFNs in NOD mice. In vivo antigen-specific cytotoxicity studies revealed enhanced cytotoxicity against islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP, an islet autoantigen) peptide pulsed targets in NOD mice treated with CL097 plus CD40 agonist. This combination treatment accelerated the onset of autoimmune diabetes in 8.3 NOD mice. Likewise, topical treatment of NOD mice with a TLR7 agonist accelerated diabetes onset. Spontaneous disease in 8.3 NOD mice and accelerated disease in CL097+CD40 agonist-treated 8.3 NOD mice were delayed by IRS661 treatment, which is associated with inhibition of the endogenous upregulation of IFN-α levels within the pancreatic lymph nodes. Conclusions/interpretation TLR7 stimulation accelerates the spontaneous onset of autoimmune diabetes in 8.3 NOD and NOD mice. Conversely, TLR7 inhibition prevents the early events associated with diabetogenesis.
Introduction
Type 1 diabetes is an organ-specific autoimmune disease in which beta cells are destroyed by the immune system [1, 2] . Much of the beta cell destruction is mediated by self-reactive cytotoxic T lymphocytes (CTLs) [1, 2] . Both genetic and environmental factors play a pivotal role in the development of type 1 diabetes [3] [4] [5] . It has been suggested that Toll-like receptors (TLRs) may trigger the pathogenesis of type 1 diabetes [6, 7] . TLRs act as pathogen sensors that recognise distinct patterns on pathogens and influence the production of proinflammatory cytokines and chemokines in dendritic cells (DCs) and macrophages [8] [9] [10] . TLRs can also recognise self molecules such as endogenous RNA and DNA [11] . The inappropriate activation of TLRs results in DC maturation and has been proposed to drive the priming and activation of self-reactive CTLs [12] .
Endosomal TLRs (TLR3, 7, 8 and 9) recognise RNA or DNA oligonucleotides and have been linked to the development of autoimmune disorders such as systemic lupus erythematosus, rheumatoid arthritis [12, 13] and psoriasis [14] . Slowly cleared apoptotic cells may stimulate endosomal TLRs. In the NOD mouse the clearance of apoptotic cells by macrophages is delayed [15, 16] and the death of beta cells promotes the activation and proliferation of diabetogenic CTLs [17] . Viruses may also precipitate type 1 diabetes in animal models and in humans [18, 19] . Coxsackie B viruses stimulate TLR7 and have been implicated as a trigger for the development of type 1 diabetes [20, 21] . A transgenic mouse model of type 1 diabetes in which lymphocytic choriomeningitis virus (LCMV) glycoprotein (GP) is expressed on beta cells and in which mice harbour a large population of LCMV GP specific CD8 + T cells, requires TLR3 or 7 stimulation by synthetic agonists or live virus for the induction of disease [22] . More recently, increases in IFN-α within the pancreatic lymph nodes as a result of release by plasmacytoid DCs (pDCs) have been shown to be critical for the initiation of spontaneous diabetes in NOD mice [23] . Why pDCs within the pancreatic lymph nodes of NOD mice contain high levels of IFN-α remains unclear. pDCs are a major source of IFN-α following viral infection, and self RNA may activate these cells through TLR7 [24] . We sought to further investigate the role of TLR7 in autoimmune diabetes in the NOD mouse. We studied the effect of TLR7 agonists and antagonists on the activation of diabetogenic T cells (responding to physiological levels of self antigen) and the development of diabetes using the NOD mouse model.
Methods
Animals and reagents NOD mice (Jackson Laboratory, Bar Harbor, ME, USA) were bred in a specific-pathogen-free environment. The 8.3 NOD T cell receptor transgenic mice (8.3 NOD mice) [25] were kindly provided by P. Santamaria (Julia McFarlane Diabetes Research Centre, University of Calgary, Calgary, AB, Canada). All animal studies were approved by our institutional animal ethics committee.
The TLR agonists and inhibitors used in both the in vitro and in vivo experiments were: (1) TLR7 agonists: R837 (imiquimod; InvivoGen, San Diego, CA, USA), pr Aldara TM/MC cream 5% (imiquimod) (Graceway TM/MC , Bristol, TN, USA) and loxoribine (LOX) (InvivoGen); (2) TLR7/8 agonist: CL097 (InvivoGen); (3) TLR9 agonist: CpG oligodeoxynucleotide (ODN) 1826 (5′-TCCAT GACGTTCCTGACGTT-3′, phosphorothioate backbone) (IDT, San Diego, CA, USA); (4) TLR7 inhibitor: immunoregulatory sequence 661 (IRS661, described by Barrat et al. [26] ) (IDT); and (5) control CpG ODN 1982 (5′-TCCAG GACTTCTCTCAGGTT-3′ phosphorothioate backbone) (IDT). Monoclonal anti-CD40 (CD40 agonist), agonistic antibody to CD40 (FGK45) was purified inhouse.
Generation and stimulation/inhibition of mouse bone marrow-derived DCs Bone marrow-derived DCs (BMDCs) were generated from murine bone marrow precursors in complete media (CM) consisting of RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS (vol./vol.), penicillin (100 U/ml) and streptomycin (100 μg/ml), as previously described [27] . Bone marrow precursor cells were flushed out from extracted femur bones of NOD mice and cultured for 6 days in CM. At days 1 and 3 of culturing, granulocytemacrophage colony-stimulating factor (supernatant fractions from the X63 B cell line), IL-4 (1 ng/ml, SigmaAldrich, St Louis, MO, USA) and 10% FBS RPMI were added to the cultures. At day 6, immature BMDCs were stimulated with R837 (5 μg/ml; 20.8 μmol/l), LOX (170 μg/ml; 500 μmol/l), CL097 (1 μg/ml; 4.13 μmol/l) or CpG 1826 (5 μg/ml; 0.786 μmol/l) for 24 h. TLR7/8-or 9-activated BMDCs were incubated with IRS661 (9 μg/ml; 1.4 μmol/l) for 24 h. 
NRP-V7
+ using a tetramer (NRP-V7) that detects CTL specific for islet-specific glucose-6-phosphatase catalytic subunit-related protein (IGRP) peptide [28] . The following monoclonal antibodies were used for T cell and DC identification and activation in NOD mice: FITC-conjugated anti-CD4, peridinin-cholorophyll protein complex (PerCP)-conjugated anti-CD45R/B220, APC-or PE-conjugated anti-CD8, PE-conjugated NRP-V7 tetramer, FITC-conjugated anti-CD11c, PE-conjugated anti-PDCA1 (Cedarlane, Burlington, ON, Canada), FITC-or PE-conjugated anti-CD69, and APC-conjugated anti-CD40 (BD Pharmingen).
Cytokine assays Supernatant fractions were collected from NOD BMDCs that had been stimulated with TLR agonists or inhibitors for 24 h. Sera were collected from NOD mice at 2 and 6 h post-injection with CL097 or CpG 1826 or in combination with IRS661. Cytokines were analysed using the mouse inflammation cytometric bead array (CBA) (BD Pharmingen). The CBA assay allows the simultaneous detection and quantification of soluble murine cytokines IL-6, IFN-γ, TNF-α and IL-12p70 and monocyte chemotactic protein-1 (MCP-1) in a single sample. IFN-α was measured using an IFN-α ELISA kit (PBL Biomedical Laboratories, Piscataway, NJ, USA).
Female NOD mice (3-4 weeks old) were injected s.c. with IRS661 (266 mg/kg), ODN 1982 (5 mg/kg) or CL097 (5 mg/kg) for 24 h before tissue extraction. The preparation and assessment of IFN-α production in lymph node homogenates were carried out using a modification of the method described by Li et al. [23] . Briefly, lymph nodes were extracted and homogenised into a single-cell suspension in 2% FBS PBS. Lymph node homogenates were lysed with radioimmunoprecipitation assay buffer (Roche Diagnostics; 50 mmol/l Tris-HCl [pH 7.4], 1% NP-40, 0.5% sodium deoxycholate, 150 mmol/l NaCl and 1 mmol/l EDTA) in the presence of a cocktail of protease inhibitors (complete protease inhibitor cocktail tablets) (Roche Diagnostics). Supernatant fractions from centrifuged lysates were removed and titrated for IFN-α levels by ELISA (R&D Systems, Minneapolis, MN, USA).
In vivo cytotoxicity assay Female NOD mice (6-8 weeks old) were injected with CL097 (5 mg/kg; s.c.), CpG 1826 (5 mg/kg; s.c.) or CD40 agonist (10 mg/kg, i.p.) or in combination. The in vivo cytotoxicity assay was adapted from one described by Jarchum et al. [29] . Briefly, splenocytes from wild-type NOD mice were differentially labelled with 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE) by exposing to 0.3 μmol/l CFSE (CFSE LO) or 5 μmol/l CFSE (CFSE HI) for 10 min. The CFSE HI cells were pulsed with the target peptide, NRP-V7 (KYNKAN VEL; islet cell mimotope of IGRP [28] ; 1 μg/ml), and the CFSE LO cells were pulsed with the control peptide, TUM (KYQAVTTTL; 1 μg/ml), for 1 h. A 1:1 mixture of CFSElabelled and pulsed splenocytes (1×10 7 CFSE HI with NRP-V7 peptide:1×10 7 CFSE LO with TUM peptide) was adoptively transferred i.v. into mice injected 24 h previously. On day 5 after adoptive transfer, splenocytes were collected and analysed by FACS. The numbers of target (CFSE LO) vs control (CFSE HI) cells recovered were determined and used to calculate the percentage of killing using the following formula: % specific lysis ¼ 1 À no: of targets= ð ½ no: of control cells in injected animalÞ= no: of targets=no: of ð control cells in control animalÞ Â 100:
Induction, acceleration, inhibition and diagnosis of diabetes Female 8.3 NOD mice (5-6 weeks old) were injected with CL097 (5 mg/kg, s.c.), CD40 agonist (10 mg/kg, i.p.) or IRS661 (266 mg/kg, s.c.), either alone or in combination. IRS661 was injected 2 h prior to CL097+CD40 agonist treatment in 8.3 NOD mice. Furthermore, IRS661 (266 mg/kg; s.c.) was injected only three times (at 6, 7 and 9 weeks of age) into 8.3 NOD mice in the long-term diabetes experiment. Topical R837 ( pr Aldara TM/MC cream 5%; 20 mg) was applied on the shaved back skin (1 cm 2 treatment area) of female NOD mice (6-8 weeks old) weekly. Acceleration of diabetes was considered to occur within 14 days post-injection in 8.3 NOD mice. Blood glucose was measured in tail vein blood using Ascensia Contour glucostrips and glucometer (Bayer, Toronto, ON, Canada). Animals were considered to be diabetic when two consecutive blood glucose measurements exceeded 14 mmol/l.
Statistical analysis A one-way ANOVAwas used to calculate statistical significance with post hoc corrections for multiple comparisons where appropriate. A logrank test was applied to compare survival curves. All statistical analyses were conducted using Prism 3 GraphPad software (La Jolla, CA, USA).
Results

TLR7/9 agonists activate NOD-derived BMDCs and cause the secretion of proinflammatory cytokines and chemokines
The NOD mouse provides a convenient model of autoimmune diabetes that allows analysis of the initial stages of the disease. TLR agonists activate DCs, and NOD DCs have altered reactivity compared with those in strains without autoimmune disease [30] . Antigen-presenting cell TLR mRNA levels (Tlr3, Tlr4 and Tlr5) are higher in NOD mice than in diabetes-resistant strains and increase further with disease onset [31] . To understand the role of TLR7 in the pathogenesis of autoimmune diabetes we screened small molecular TLR7 agonists for activation of BMDCs derived from the NOD mouse. NOD-derived BMDCs stimulated with the TLR7/8 agonist CL097 or either of the TLR7 agonists (R837 or LOX) showed increased levels of CD40 (Fig. 1a ) and other markers of DC activation such as CD86 (data not shown), and these increases were comparable to those induced by the TLR9 agonist CpG 1826. A dose titration of each TLR7 agonist showed that CL097 was the most potent and effective activator of BMDCs in vitro and DCs in vivo in NOD mice (data not shown). Supernatant fractions collected from TLR7-and TLR9-stimulated BMDCs revealed secretion of proinflammatory cytokines (IL-6, TNF-α and IL-12p70) and a chemokine (MCP-1) (Fig. 1b-e) . The TLR7/8 agonist CL097 induced the production of TNF-α and IL-6 but not IL-12p70 or MCP-1. Compared with the TLR7 agonists, the TLR9 agonist induced higher levels of IL-12p70 and MCP-1.
CL097 induces the general activation of CD4
+ and CD8 + T cells and pDCs and conventional DCs in NOD mice We next examined the role of TLR7 activation in vivo by titrating CL097 in NOD mice. The s.c. or i.p. (data not shown) administration of CL097 (5 mg/kg) resulted in the general activation of CD4 + and CD8 + T cells in the axillary, mesenteric and pancreatic lymph nodes and in the spleen (Fig. 2a,b) . CL097 administration also caused the general activation of pDCs and conventional DCs in the mesenteric and pancreatic lymph nodes and spleen (Fig. 2d,e) . In addition, CL097 induced a statistically significant increase in serum levels of proinflammatory cytokines (IL-6, TNF-α and IL-12p70), a chemokine (MCP-1) and both type 1 and 2 IFNs (IFN-α and IFN-γ) compared with the negative control (Fig. 2c,f) . Similar increases were observed in NOD mice injected with CpG 1826 (5 mg/kg, s.c. or i.p.; Fig. 2) . Thus, treatment of NOD mice with TLR9 agonist (CpG 1826) or TLR7/8 agonist (CL097) activated a broad repertoire of CD4 + and CD8 + T cells. However, the TLR7/8 agonist was a more potent activator of pDCs than the TLR9 agonist (as determined by surface CD40 levels at 6 h post-injection). In addition, early (2 h post-injection) serum levels of IFN-α were higher following treatment with the TLR7/8 agonist in NOD mice. Similar responses to CL097 in terms of increases in IL-6, TNF-α and IL-12p70 were noted in non-diabetogenic C57BL/6 mice (data not shown).
CL097 and CD40 agonist stimulation induces efficient diabetogenic CTL function in NOD mice We assessed whether CL097 could promote the priming and activation of functional diabetogenic CTLs in NOD mice in response to endogenous autoantigen using an in vivo antigen-specific cytotoxicity assay. Naive splenocytes from a NOD mouse were CFSE-labelled (CFSE HI or CFSE LO) and pulsed with a target peptide (NRP-V7, islet cell mimotope of IGRP, a critical islet autoantigen [28] ) or a control peptide (TUM) and injected into treated NOD mice. We found that CL097 (5 mg/kg, s.c.) alone caused a modest specific lysis of the target peptide (∼25%; Fig. 3a-d) . However, treatment with a combination of CL097 and CD40 agonist (10 mg/kg, i.p.) resulted in an increase of approximately twofold in the specific lysis of the (Fig. 3a-d) . Interestingly, the IGRP-specific lysis induced by the CL097+CD40 agonist combination was even greater than that induced by the CpG+CD40 agonist combination. CD40 ligand activation of DCs is essential for the generation of functional CTLs [32, 33] . The principal source of CD40 ligand is thought to be activated CD4 + T cells [33] . The efficient target lysis observed with combination therapy indicates that DC stimulation with CD40 in combination with TLR7/8 or TLR9 agonists induces efficient activation of diabetogenic CTLs in response to endogenous autoantigen in the NOD mouse.
Does the broad immune activation mediated by TLR7 or TLR9 agonists favour autoantigen presentation? To further examine the effect of these agonists on the priming of diabetogenic T cells, we studied their effects on 8.3 NOD mice, animals that harbour a large population of diabetogenic CD8 + T cells specific for the islet antigen IGRP [28, 34, 35] . These mice have an accelerated onset of diabetes owing to increased frequencies of diabetogenic T cells and alterations in T cell regulation, but are useful tools to examine the cross-presentation of diabetogenic autoantigen. Furthermore, the islet autoantigen detected by CTLs in these mice is relevant and immunodominant in both mice and humans. Treatment of 8.3 NOD mice with CL097 or CpG 1826 resulted in the increased activation of both endogenous (non-transgenic) and diabetogenic CD8 + T cells in the axillary, mesenteric and pancreatic lymph nodes and spleen (Fig. 3e) . Endogenous CD8 + T cell activation was greater in the axillary and mesenteric lymph nodes and spleen whereas diabetogenic CD8 + T cell activation was greater in the pancreatic lymph nodes, where pancreatic self antigen is presented. Thus both TLR7/8 and TLR9 agonists are able to induce the activation of both endogenous and diabetogenic T cell populations, and autoantigen-specific priming is favoured in the lymph nodes draining the target organ. (Fig. 4a) . The administration of CL097 or CD40 agonist alone did not result in a significant acceleration of the development of autoimmune diabetes in 8.3 NOD mice, suggesting that promotion of diabetogenesis requires multiple stimuli.
IRS661 inhibition of TLR7-induced effects in NOD and 8.3 NOD mice To investigate whether TLR7 inhibition could be used therapeutically to alter the onset of type 1 diabetes we observed the effect of the TLR7 oligonucleotide inhibitor IRS661 on TLR7-stimulated NOD BMDCs and on TLR7 agonist-treated NOD mice. IRS661 was found to inhibit TLR7-(CL097, R837 and LOX) and partially inhibit TLR9-(CpG 1826) induced activation of NOD BMDCs (Electronic supplementary material [ESM] Fig. 1a-e) . In addition, IRS661 (266 mg/kg, s.c.) inhibited the general activation of CD4 + and CD8 + T cells in the axillary, mesenteric and pancreatic lymph nodes and spleen of both CL097-and CpG 1826-injected NOD mice (ESM Fig. 2) . Furthermore, IRS661 abrogated the elevations in serum levels of IL-6, TNF-α, IL-12p70, IFN-γ and MCP-1 in NOD mice treated with CL097 or CpG 1826 (ESM Fig. 3a-e) . We next determined the effect of IRS661 on the TLR7 agonist-induced acceleration of diabetes development. A single treatment of IRS661 in 8.3 NOD mice injected with CL097+CD40 agonist blunted the acceleration of the development of autoimmune diabetes (Fig. 4b) . Repeated treatment of 8.3 NOD mice with IRS661 (three times only) dramatically delayed the spontaneous onset of diabetes in these animals (Fig. 4c) . Use of the control oligonucleotide, ODN 1982, did not affect the increased rate of development of diabetes in the CL097+CD40 agonist-treated mice ( [36] and data not shown).
Topical R837 (imiquimod) accelerates the development of diabetes in NOD mice To determine whether TLR7 agonists promote the development of diabetes in mice that harbour a more diverse repertoire of auto-reactive T cells, we used the TLR7 agonist R837 (imiquimod) on NOD mice. We applied the agonist topically as this is the form used clinically for the treatment of skin diseases. Topical treatment with imiquimod on the shaved dorsal back skin of female NOD mice resulted in a modest but significant increase (p=0.02) in the development of autoimmune diabetes compared with the control (Fig. 4d) . This acceleration in the development of autoimmune diabetes in NOD mice suggests that TLR stimulation with topical TLR7 agonists may promote the onset of autoimmune diabetes in susceptible individuals.
IRS661 inhibits endogenous IFN-α levels in the pancreatic lymph nodes in young prediabetic (3-4 weeks old) NOD mice We assessed whether TLR7 inhibition affects the early events associated with the initiation of autoimmune diabetes in NOD mice. Li et al. [23] reported the presence of high endogenous IFN-α levels in the pancreatic lymph nodes of young prediabetic (3-4 weeks old) NOD mice, and these were associated with the onset of autoimmune diabetes. Similarly, we observed high endogenous IFN-α levels in the pancreatic lymph nodes in NOD mice of 3-4 weeks of age (Fig. 5a ). This observation was specific to the pancreatic lymph nodes and was not found in other lymph nodes (axillary or mesenteric), spleen or pancreas in NOD mice (ESM Fig. 4 ). The treatment of young prediabetic NOD mice with IRS661 (TLR7 inhibitor) specifically decreased the endogenous IFN-α levels in the pancreatic lymph nodes ( Fig. 5b and ESM Fig. 4 ). This decrease in endogenous IFN-α levels was not observed when NOD mice were treated with control oligonucleotide (ODN 1982) . This demonstrates that TLR7 stimulation is involved in local IFN-α induction in the pancreatic lymph nodes. [37] . However, MyD88-deficient mice raised in a germ-free environment develop disease, indicating that MyD88 signalling is not required for diabetogenesis and that TLRmediated changes in gut flora may prevent diabetes in a MyD88-independent fashion [37] . Previous work has demonstrated that exogenous TLR7 or TLR3 agonists increase IFN-α and pancreatic islet expression of MHC class I and transgenic islet antigens [38] . In this paper we show that administration of a single dose of TLR7/8 agonist +CD40 agonist in 8.3 NOD mice and repeated administration of TLR7 agonist in NOD mice accelerates the development of spontaneous diabetes. This provides a potential mechanism whereby repeated viral infections may precipitate diabetes [18] : coxsackie B virus, a virus previously associated with the onset of autoimmune diabetes in humans, stimulates myocardial autoimmunity through TLR7/8 activation [21] . Recent studies have shown that islet cells infected with human enterovirus activate DCs via an endosomal acidification-dependent mechanism [39] , suggesting a role for TLR7 or TLR9 activation. The presence of TLR7 on antigen-presenting cells within islets of individuals with recent-onset diabetes has also been demonstrated [40] .
Repeated topical application of a TLR7 agonist promotes diabetes. This suggests that repeated topical application of TLR7 agonists should be performed with caution in individuals at risk for autoimmune disease. Repeated high doses of parenteral TLR7 agonist prevent diabetes in NOD mice [41] . However, the relevance of repeated high-dose stimulation of TLR7 to human disease is unclear. Repeated administration of TLR9 agonist disrupts lymph node and splenic architecture [42] and repeated dosing in a rapid schedule induces TLR signalling tolerance [43] . Either mechanism may explain disease inhibition following repeated exposure to high doses of TLR7/8 or TLR9 agonists.
The agonist CL097 used in our studies stimulates both TLR7 and TLR8 and was chosen as it provided the most robust immune activation in vivo of the TLR7 agonists tested. TLR8 has been thought to be non-functional in the mouse. Recent data indicate that TLR8 activation may regulate TLR7 levels [44] and that TLR8 may be able to recognise viral DNA in the mouse [45] . It is thus possible that modulation of TLR8 activity contributes to the effects observed in our system. Collectively our data and the previous work indicate that different effects on autoimmunity are produced depending on the dose, route and frequency of TLR stimulation.
The demonstration that pancreatic lymph node upregulation of IFN-α levels by pDCs is critical for the onset of diabetes in the NOD mouse [23] suggests that endogenous stimulators of IFN-α, and in particular activators of pDCs, may participate in the initiation of diabetes. Tlr9
-/-NOD mice have a delayed onset of diabetes [36, 46] , and this coincides with decreased IFN-α levels in the pancreatic lymph nodes of young Tlr9 -/-NOD mice [36] , suggesting that endogenous TLR9 activation promotes diabetes onset through the activation of pDCs and the generation of pancreatic lymph node IFN-α. Comparison of the in vivo effects of TLR7 (CL097) and TLR9 (CpG 1826) agonists demonstrates that while both activate the immune system generally and diabetogenic T cells in particular, the TLR7 agonist is a more potent activator of pDCs and IFN-α ( Fig. 2d-f ). The inhibition of pancreatic lymph node IFN-α production by the TLR7 oligonucleotide inhibitor IRS661 further suggests that endogenous TLR7 stimulation promotes the initiation of diabetes. In murine models of systemic lupus erythematosus, TLR7-deficient animals demonstrate attenuated disease [47] . Our work suggests that TLR7 activation may also promote the development of diabetes. The demonstration of inhibition of diabetogenesis in 8.3 NOD mice and inhibition of IFN-α production in the pancreatic lymph nodes of NOD mice suggest that endogenous TLR7 stimulation at the initial stages of diabetes promotes disease. IRS661 diminishes pancreatic IFN-α production in young NOD mice. Likewise, the TLR7 and TLR9 inhibitor chloroquine delays the onset of diabetes in NOD mice [36] . IRS661 was initially identified as a specific TLR7 inhibitor [26] . While IRS661 is much more effective at inhibiting TLR7 activation than TLR9 activation of NOD BMDCs in vitro (ESM Fig. 1a-e) , this inhibitor also demonstrates modest TLR9 inhibitory effects in vivo (ESM Figs 2 and 3 ). Our observations thus support the further development of TLR7 and possibly TLR9 antagonists for the prevention and treatment of autoimmune diabetes.
